Abstract: Metallic coatings using thermal spraying techniques are widely applied to structural steels to protect infrastructure against corrosion and improve durability of the associated structures for longer service life. The thermal sprayed metallic coatings consisting of various metals, although have higher corrosion resistance, will still corrode in a long run and may also subject to corrosion induced damages such as cracks. Corrosion and the induced damages on the metallic coatings will reduce the effectiveness of the coatings for protection of the structures. Timely repair on these damaged metallic coatings will significantly improve the reliability of protected structures again deterioration. In this paper, an inline detection system for corrosion and crack detection was developed using fiber Bragg (FBG) grating sensors. Experimental results from laboratory accelerated corrosion tests showed that the developed sensing system can quantitatively detect corrosion rate of the coating, corrosion propagations, and cracks initialized in the metallic coating in real time. The developed system can be used for real-time corrosion detection of coated metal structures in field.
Introduction
Structural steel is a popular structural material in modern structures such as bridges, buildings, and pipes. With the presence of oxygen and water, steel is prone to corrosion, which is a complex electrochemical process [1, 2] and can hardly be prevented. Corrosion on metallic structures can considerably reduce the cross-section area of the associated components and correspondingly lower the capability of carrying loads. This will result in significant impacts on the reliability and safety of the structures which might lead to catastrophic consequence occasionally [3, 4] .
To protect structural steels from corrosion, coatings are usually applied. Coatings cover the surface of structural steel and change its surface properties, providing a barrel between the steel and the corrosive environments and preventing the presence of water and oxygen to steel. There are two types of coating which are commonly applied in practice, including paints and metallic coatings [5] [6] [7] [8] [9] [10] . Paints use layers of soft materials such as polyurethane to block the entrance of water and oxygen [5] [6] [7] , and some recently developed paints are able to provide sacrificial cathodic protection in addition to the physical blockage [8] . However, due to the low abrasion resistance, paints usually have a limited extension of service life to structures. Thus, when structural steel is in service under aggressive environments, non-ferrous metallic coatings are required instead of or in addition to paints, which are widely applied for corrosion prevention in coastal eras [5, 7, 9, 10] .
Metallic coatings predominantly are composed of metal particles have higher corrosion resistance than the substrate material to slow down corrosion process. Other than decelerating the corrosion process, the metallic coatings also improve the wear resistance due to higher hardness and density [7] . To coat non-ferrous metals on structural steels, various coating techniques can be used including hot-dip galvanizing or thermal spraying techniques [11] [12] [13] . Hot-dip galvanizing technique usually provides a relatively uniform and thin coating layer with most commonly applied Zinc or aluminum materials. Due to a uniform coating, the quality of the hot-dip galvanizing metallic coatings is generally well controlled [14] , but sometimes still subject to cracking issues [15] . While the thermal spraying technique can provide either thin or thick coating with flexible composite coating materials depending on needs to achieve an ultimate corrosion and wear protection. For structural steels servicing in harsh environments, metallic composite coated by thermal spraying technique is commonly used for industrial applications such as pipeline and bridge components [12] . However, thermal spraying technique may have difficulty in guarantee a consistent coating quality. In addition, thermal spray coating powders are usually composed of several different types of metallic particles, adding complexity to the properties and microstructure of the coating [16] [17] [18] . In addition, the environment and human factors during coating process can interfere the consistency of coating quality. As a result, even though thermal spray coating promises a longer overall service life for components, the individual component's service life time varies.
To ensure the performance of the thermal sprayed coatings for corrosion and damage protection, non-destructive testing can be applied for coating quality evaluation on requests such as electrochemical method, guided wave, acoustic, ultrasonic, and microwave techniques [19] [20] [21] [22] [23] [24] [25] [26] . The application of these techniques requires accessing the structures which may not be the case for some off-shore or marine structures. Thus, an on-site monitoring system for corrosion and crack for thermal sprayed metallic coatings will improve significantly to the safety of the coated structures and further enhance the cost and resource allocation efficiency for potential repair associated and is yet to be developed.
The Fiber Bragg grating (FBG) sensor, due to its high sensitivity, resistance to electromagnetic interference, good durability, low cost, and more importantly capability of real-time monitoring, has become a widely accepted sensing alternative for strain [27] [28] [29] , temperature [29] [30] [31] , and possibly crack measurements [32, 33] in civil engineering fields. Studies of using FBG sensors in crack detection on concrete and metallic structures had shown that distinguishable data alter could be observed when cracks initiated. Several studies further showed the ability of FBG sensors to locate crack position together with the use of other types of detection methods, such as acoustic emission [34] and ultrasonic sensor system [35] . The advantages of FBG sensor also make it a potential candidate for corrosion monitoring for structures. Lately, several attempts for applying FBG sensor in corrosion of steel rebar in concrete had been made [36] [37] [38] , demonstrating that noticeable data shift would happen along with the corrosion growth [39, 40] . Nevertheless, to date, limited sensing technologies can monitor the corrosion of structural steels with thermal sprayed metallic coatings due to the harsh environment during the thermal spraying process.
In this paper, a corrosion and crack monitoring system for thermal sprayed metallic coatings was developed using embedded FBG sensors. The paper is structured as follows: Section 2 introduces the principle to quantify corrosion rate by the output of embedded FBG sensors and designs the method of embedment of FBG sensors in thermal sprayed metallic coatings; Section 3 provides the setup of proof-of-concept experiments; Section 4 discusses the experimental results with a comparison to visual inspection and electrochemical corrosion rate measurements; and at least Section 5 delivers the conclusions and prospective future work.
Operational Principles
The corrosion of a metal is an electrochemical process. Although there are various factors controlling the process of corrosion, including the physical and chemical properties of metal, Coatings 2017, 7, 35 3 of 17 the roughness of metal surface, temperature, etc., it is clear that presence of both water and oxygen is necessary for electrochemical reaction of corrosion to occur. With the presence of free electrons, water and oxygen, reduction happens at cathodes, as shown in the reaction below [3, 41] :
Reduction at cathodes will introduce a material property change of the cathodes, for instance, for steel material, the iron will change to oxidized iron with size ten times larger the original iron particles. Thus, detecting the material volume or expansion change using sensing techniques throughout the corrosion process can potentially reveal the corrosion mechanism of the electrochemical process of metals.
Principle of FBG Sensor
In this paper, a FBG sensor will be used to detect the corrosion and crack initiation in thermal sprayed metallic coatings. Figure 1 shows a typical structure of a FBG sensor. It is fabricated by periodic heating of fiber core using high-power UV laser, inducing a periodic modulation of the core refractive index. With the modulation, if a broadband light beam is transmitted through the FBG, part of the incoming light with certain wavelength will be reflected showing a dip in the reflected light spectrum, known as Bragg wavelength (λ B ). The Bragg wavelength needs to meet the Bragg condition with effective refractive index (n eff ) and grating pitch (Λ), as [42] :
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In this paper, a FBG sensor will be used to detect the corrosion and crack initiation in thermal sprayed metallic coatings. Figure 1 shows a typical structure of a FBG sensor. It is fabricated by periodic heating of fiber core using high-power UV laser, inducing a periodic modulation of the core refractive index. With the modulation, if a broadband light beam is transmitted through the FBG, part of the incoming light with certain wavelength will be reflected showing a dip in the reflected light spectrum, known as Bragg wavelength (λB). The Bragg wavelength needs to meet the Bragg condition with effective refractive index (neff) and grating pitch (Λ), as [42] : The effective refractive index (neff) is determined by the transmitting media, which is optical fiber core in the case of a FBG. It will not change as there is no material change related to optical fiber core during its use. However, the grating pitch (Λ) does change with length variation of FBG, whether it is caused by a temperature raise/drop (ΔT) or an external tension/compression (εc). This will result in a shift in Bragg wavelength. From the wavelength spectrum of reflected light, a shift in peak wavelength can be found as shown in Figure 2 . The amount of Bragg wavelength change with strains or temperatures can be calculated as below [42] :
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where P e is the photoelastic constant of the fiber and α is the thermal expansion coefficient of the fiber, both determined by the material of fiber. The temperature effects in Equation (2) could be eliminated by applying a reference sensor.
where Pe is the photoelastic constant of the fiber and α is the thermal expansion coefficient of the fiber, both determined by the material of fiber. The temperature effects in Equation (2) could be eliminated by applying a reference sensor. If the Bragg wavelength of temperature reference sensor is λ ref , then the wavelength change induced by external strain can be described as:
If a reference sensor is selected with λ ref ≈ λ B , the wavelength change after elimination of temperature effects (∆λ = ∆λ B − ∆λ ref ) can be expressed as:
Hence, with the measurement of Bragg wavelength change of a test sensor and a reference sensor, the strain on a FBG can be calculated, which may further relate to corrosion and crack progressing status.
Operational Principle of the Corrosion and Crack Sensing in Coatings Using Embedded FBG Sensors
To monitor corrosion and cracks in the thermal sprayed metallic coatings, it is required to embed the FBG sensor inside the coating. When embedded, the coating acts as constrains to the FBG sensor with an initial strain, ε 0 , introducing an initial Bragg wavelength of, λ 0 . If no corrosion or crack occurs, the Bragg wavelength will only vary with surrounding temperature. With a temperature reference FBG sensor on site, no Bragg wavelength change of the test sensor is expected based on Equation (4). However, when corrosion occurs in the steel substrate or in the metallic coatings, as shown in Figure 3 , the corrosion products will push the coating up, inducing a strain on the FBG sensor, as ε i , that can be monitored by the Bragg wavelength change of the FBG sensors, as λ i , where i is corrosion time step. If the Bragg wavelength of temperature reference sensor is λref, then the wavelength change induced by external strain can be described as:
If a reference sensor is selected with λ λ , the wavelength change after elimination of temperature effects (Δλ Δλ Δλ ) can be expressed as:
To monitor corrosion and cracks in the thermal sprayed metallic coatings, it is required to embed the FBG sensor inside the coating. When embedded, the coating acts as constrains to the FBG sensor with an initial strain, ε0, introducing an initial Bragg wavelength of, λ0. If no corrosion or crack occurs, the Bragg wavelength will only vary with surrounding temperature. With a temperature reference FBG sensor on site, no Bragg wavelength change of the test sensor is expected based on Equation (4). However, when corrosion occurs in the steel substrate or in the metallic coatings, as shown in Figure 3 , the corrosion products will push the coating up, inducing a strain on the FBG sensor, as εi, that can be monitored by the Bragg wavelength change of the FBG sensors, as λi, where i is corrosion time step. To simplify the structure for analysis, if the FBG sensor is packaged using steel tubes or similar for protection, the corrosion induced strain to the constrained FBG sensor inside coating and adhesive if any during embedment, can be analyzed using a simply supported beam theory. Two assumptions are made based on a typical corrosion:

The corrosion analyzed in this paper is pitted (localized) corrosion so its corrosion production is accumulated within a relatively small area comparing to the total span of the packaged FBG sensor;  The expansion of corrosion productions mainly occurs in vertical direction. To simplify the structure for analysis, if the FBG sensor is packaged using steel tubes or similar for protection, the corrosion induced strain to the constrained FBG sensor inside coating and adhesive if any during embedment, can be analyzed using a simply supported beam theory. Two assumptions are made based on a typical corrosion:
•
The corrosion analyzed in this paper is pitted (localized) corrosion so its corrosion production is accumulated within a relatively small area comparing to the total span of the packaged FBG sensor;
The expansion of corrosion productions mainly occurs in vertical direction.
As shown in Figure 4 , with Assumption (a), the corrosion product expansion can be simulated as a point load, F, induced displacement, ∆, in the middle of the FBG sensor as the coating detaching away from the steel substrate due to the presence of corrosion products and at the same time other coatings remain attaching to the steel substrate. Thus, the corrosion induced strain monitored by the embedded FBG sensor, εi, and the displacement in the middle of the total span, Δ, can be calculated as:
where σ is the normal stress at a distance y from the neutral surface of bending, M is the resistance moment of the section at middle span, E is the Young's modulus of adhesive, I is the moment of inertia, l is the span of beam, y is half of the height of cross-section, and F is the induced concentrated force by corrosion at the middle of total span. Let k1 = ly/(2EI) and k2 = l 3 /(48EI). Then the relation between the center displacement (Δ) to that of the strain in the embedded FBG sensor (εi) can be expressed as:
With Assumption (b), the total volume of corrosion products, V, would be linear proportional to the corrosion induced center displacement on the FBG sensor (as volume increased linearly corresponding to the increase in height), which can be described as:
where k3 is the linear scaling factor between volume of corrosion products and induced center displacement.
As described in the definition, the corrosion rate (CR) of a metal is the derivative of the total lost weight of metal (m) due to corrosion with respect to time (t), and the weight is the product of the density of metal (ρ) and volume (V'). When the type of metal is determined, the density of metal and the expansion factor (k4) between volume of corrosion products (V), and lost volume of metal due to corrosion (V'), are constants. Hence, with Equation (8), the relationship between corrosion rate and strain monitored by the embedded FBG sensor can be drawn as below:
Combing Equations (4)- (9), the monitoring of the Bragg wavelength changes of the embedded FBG sensors can then be related to the corrosion rate of the thermal sprayed coatings or the coated subtracts as below: Thus, the corrosion induced strain monitored by the embedded FBG sensor, ε i , and the displacement in the middle of the total span, ∆, can be calculated as:
where σ is the normal stress at a distance y from the neutral surface of bending, M is the resistance moment of the section at middle span, E is the Young's modulus of adhesive, I is the moment of inertia, l is the span of beam, y is half of the height of cross-section, and F is the induced concentrated force by corrosion at the middle of total span. Let k 1 = ly/(2EI) and k 2 = l 3 /(48EI). Then the relation between the center displacement (∆) to that of the strain in the embedded FBG sensor (ε i ) can be expressed as:
where k 3 is the linear scaling factor between volume of corrosion products and induced center displacement. As described in the definition, the corrosion rate (CR) of a metal is the derivative of the total lost weight of metal (m) due to corrosion with respect to time (t), and the weight is the product of the density of metal (ρ) and volume (V'). When the type of metal is determined, the density of metal and the expansion factor (k 4 ) between volume of corrosion products (V), and lost volume of metal due to corrosion (V'), are constants. Hence, with Equation (8), the relationship between corrosion rate and strain monitored by the embedded FBG sensor can be drawn as below:
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Combing Equations (4)- (9), the monitoring of the Bragg wavelength changes of the embedded FBG sensors can then be related to the corrosion rate of the thermal sprayed coatings or the coated subtracts as below:
where CR is the corrosion rate, ∆λ is the Bragg wavelength change measured by the embedded FBG sensor, and α is the sensitivity of the sensor toward corrosion rate of metals which can be calibrated with known corrosion rate of one certain material. With laboratory accelerated corrosion tests, the parameters in Equation (10) can be calibrated. The calibrated model can then be applied to various thermal sprayed coatings in field for corrosion monitoring of coated steel structures. More importantly, as corrosion further develops, cracks will be initialized inside coating resulting in coating breakages, which will release the induced constrain of FBG sensors and change the boundary conditions of the FBG sensor for existing corrosion products. The lift-up phenomenon mentioned above will disappear, resulting in a sudden drop in Bragg wavelength of FBG sensors, which can be notified and used to monitor the cracks on thermal spayed metallic coatings.
Sensor Design
The sensor system is designed to follow the operational principles discussed above and at same time to protect the sensor from the harsh environments during thermal spaying coating process. In this paper, the bare FBG sensor (OS 1100 Fiber Bragg Grating sensors from Micron Optics Inc., Atlanta, GA, USA) is packaged using steel hypodermic tube and attached to the surface of steel substrate using adhesives before embedment inside the thermal spraying coatings. Two types of hypodermic tubes are used to secure FBG sensor and the communication fiber. The lift-up phenomenon mentioned above will disappear, resulting in a sudden drop in Bragg wavelength of FBG sensors, which can be notified and used to monitor the cracks on thermal spayed metallic coatings.
The sensor system is designed to follow the operational principles discussed above and at same time to protect the sensor from the harsh environments during thermal spaying coating process. In this paper, the bare FBG sensor (OS 1100 Fiber Bragg Grating sensors from Micron Optics Inc., Atlanta, GA, USA) is packaged using steel hypodermic tube and attached to the surface of steel substrate using adhesives before embedment inside the thermal spraying coatings. Two types of hypodermic tubes are used to secure FBG sensor and the communication fiber. The packaged FBG sensors then are attached to the steel substrate using adhesive as shown in Figure 6a . The adhesives used in this study is metallic-stainless steel based adhesive (Durabond™ 954 from Cotronics Corp., Brooklyn, NY, USA), due to its high wear, abrasion, and hear resistance. Protected by the packaging and the adhesive, metallic coatings are then thermally sprayed on top of the sensor.
To test the worst-case scenario and ensure the embedment of FBG sensor can survive most thermal spraying techniques, in this paper, the High Velocity Oxygen Fuel (HVOF) thermal spraying technique is selected and applied to introduce the metallic coating, due to the fact that the HVOF technique introduces the harshest environment for FBG sensor embedment. The HVOF thermal The packaged FBG sensors then are attached to the steel substrate using adhesive as shown in Figure 6a . The adhesives used in this study is metallic-stainless steel based adhesive (Durabond™ 954 from Cotronics Corp., Brooklyn, NY, USA), due to its high wear, abrasion, and hear resistance. Protected by the packaging and the adhesive, metallic coatings are then thermally sprayed on top of the sensor. To test the worst-case scenario and ensure the embedment of FBG sensor can survive most thermal spraying techniques, in this paper, the High Velocity Oxygen Fuel (HVOF) thermal spraying technique is selected and applied to introduce the metallic coating, due to the fact that the HVOF technique introduces the harshest environment for FBG sensor embedment. The HVOF thermal spraying technique generates high velocity carrier gas by combusting the mixture of oxygen and fuel gas. The coating metallic powder particles mixed with carrier gas are injected onto the desired pre-treated substrate surface through a spray gun [5] . The high temperature and high velocity of carrier gas stream contributes to the forming of a dense, adhesive, less porous, long-lasting, and high corrosion and wear resistive hard coating. Due to the high temperature and high velocity gas stream, the HVOF thermal spraying also generates an extremely harsh environment for the embedment of FBG sensors. The developed sensor embedment technique has been approved to be sufficient protecting against the harsh environments introduced by the HVOF thermal spraying process. Figure 6b shows an example coated steel plate with embedded FBG sensors after surviving HVOF thermal spraying process. Figure 7 shows the monitored Bragg wavelength changes of one FBG sensor during the HVOF thermal spraying coating process. It can be seen that during the HVOF thermal spraying process, the Bragg wavelength increased significantly from 1583.89 to 1584.68 nm, indicating an 83.2 °C temperature increase (temperature sensitivity of FBG sensor: 9.5 pm/°C) on the surface of the coated sample. In addition, several segments of the curve can be distinguished by an increase followed by a decrease in Bragg wavelength, which reflect different HVOF thermal spraying cycles. A total number of 6 spraying cycles can be found in the following figure. 
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Sample Preparation
To validate that the developed embedded FBG sensor system can monitor the corrosion and cracks in the metallic coatings, four steel plate samples (Samples #1-#4) were prepared following the procedure discussed above in addition to two coating control samples without embedded sensors (Samples #5 and #6) and one sensor control sample with sensor but no coating (Sample #7). Figure 8 shows the four samples with embedded sensors before coating. All the FBG sensors were embedded on the top portion of the steel plates.
With the samples prepared, samples #1-#6 were coated using the HVOF thermal spray coating process by applying Al-Bronze composite material (Diamalloy™ 1004, Oerlikon Metco, Winterthur, Switzerland, Cu-9.5-Al-1-Fe). An automatic robotic spraying arm with spraying gun was applied during coting process to ensure a uniform coating on the substrate as shown in Figure 9a . The speed of the movement and the total numbers of spraying rounds can be controlled for specific coating requirements. Sample #5 was used to test the mechanical property of the thermal sprayed composite coating and Sample #6 was used to obtain SEM analysis for the cross-section of the coating quality control as shown in Figure 9b . The metallic coating was applied densely and uniformly on top of the embedded sensor with a thickness of 90 µm from the SEM image of the coating in Figure 9b . Knoop Micro indentation hardness test is used to measure hardness of coating materials as also shown in Figure 9b . The hardness test was carried out on the coating cross section according to ASTM E384-11 using CLARK CM-800AT (Sun-Tec Corp., Novi, MI, USA). The average hardness of the thermally sprayed Cu-Al-Bronze coating was estimated near 139.4 HK (≈125 Hv) from 10 hardness measurement. 
Corrosion Rate Measurement Using Electrochemical Approach
Accelerated corrosion tests were performed on Sample #1-#4 and Sample #7 using the embedded sensing systems. To compare with traditional sensing technology for corrosion measurements, electrochemical method for corrosion rate estimation was performed on one coated sample with embedded sensors, Sample #4 before the accelerated corrosion tests to obtain a reference corrosion rate. A Gamry Reference 600 Ptentiostat/Galvanostat/ZRA (Gamry, Warminster, PA, USA) was used in this study to perform the electrochemical tests. Figure 10 shows the experimental setup using the electrochemical approach. A scan rate was set to be 0.1 mV/s and the scan range was set to be ±250 mV vs. corrosion potential. 
Accelerated corrosion tests were performed on Sample #1-#4 and Sample #7 using the embedded sensing systems. To compare with traditional sensing technology for corrosion measurements, electrochemical method for corrosion rate estimation was performed on one coated sample with embedded sensors, Sample #4 before the accelerated corrosion tests to obtain a reference corrosion rate. A Gamry Reference 600 Ptentiostat/Galvanostat/ZRA (Gamry, Warminster, PA, USA) was used in this study to perform the electrochemical tests. Figure 10 shows the experimental setup using the electrochemical approach. A scan rate was set to be 0.1 mV/s and the scan range was set to be ±250 mV 
Accelerated corrosion tests were performed on Sample #1-#4 and Sample #7 using the embedded sensing systems. To compare with traditional sensing technology for corrosion measurements, Coatings 2017, 7, 35 9 of 17 electrochemical method for corrosion rate estimation was performed on one coated sample with embedded sensors, Sample #4 before the accelerated corrosion tests to obtain a reference corrosion rate. A Gamry Reference 600 Ptentiostat/Galvanostat/ZRA (Gamry, Warminster, PA, USA) was used in this study to perform the electrochemical tests. Figure 10 shows the experimental setup using the electrochemical approach. A scan rate was set to be 0.1 mV/s and the scan range was set to be ±250 mV vs. corrosion potential. 
Experimental Setup for Accelerated Corrosion Test
Accelerated corrosion tests were then performed on the coated and uncoated samples with embedded sensors (Samples #1-#4 and #7) as shown in Figure 11 for test setup. To create a corrosive environment for accelerated corrosion, a PVC tube was attached on top of the sample with embedded sensors and filled with 3.5 wt % sodium chloride (NaCl) solution. The experiments run for 6 days. The Bragg wavelength changes of samples with embedded sensors had been recorded using optical signal analyzer (National Instruments PXIe-4844 Optical Sensor Interrogator integrated with PXIe-1071 Controller and PXIe-8133 Chassis, National Instruments, Austin, TX, USA) continuously for the 6 days with a sampling frequency of 10 Hz. Visual inspections for all the samples were also scheduled at 12:00 p.m. daily for identifying the existence of corrosion on surface of the samples. 
Accelerated corrosion tests were then performed on the coated and uncoated samples with embedded sensors (Samples #1-#4 and #7) as shown in Figure 11 for test setup. To create a corrosive environment for accelerated corrosion, a PVC tube was attached on top of the sample with embedded sensors and filled with 3.5 wt % sodium chloride (NaCl) solution. The experiments run for 6 days. The Bragg wavelength changes of samples with embedded sensors had been recorded using optical signal analyzer (National Instruments PXIe-4844 Optical Sensor Interrogator integrated with PXIe-1071 Controller and PXIe-8133 Chassis, National Instruments, Austin, TX, USA) continuously for the 6 days with a sampling frequency of 10 Hz. Visual inspections for all the samples were also scheduled at 12:00 p.m. daily for identifying the existence of corrosion on surface of the samples. Figure 12 shows the result from the electrochemical method of Sample #4 before the accelerated corrosion tests using embedded sensors. The corrosion rate of the thermal sprayed composite coating, CR, can be estimated from Figure 12 using the equation as follow [43] :
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where βA and βC are the Tafel constants, RP is the polarization resistance of the material, K is unit conversion factor, EW is the equivalent weight of tested material, d is density of tested material, and Figure 12 shows the result from the electrochemical method of Sample #4 before the accelerated corrosion tests using embedded sensors. The corrosion rate of the thermal sprayed composite coating, CR, can be estimated from Figure 12 using the equation as follow [43] :
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where β A and β C are the Tafel constants, R P is the polarization resistance of the material, K is unit conversion factor, EW is the equivalent weight of tested material, d is density of tested material, and A is the testing area. Table 1 listed all the estimated parameters in Equation (11) from Figure 12 for the thermal sprayed composite coating of Sample #4. The measured corrosion rate of the metallic coating produced by the electrochemical method is 0.5054 mil/year. Figure 12 shows the result from the electrochemical method of Sample #4 before the accelerated corrosion tests using embedded sensors. The corrosion rate of the thermal sprayed composite coating, CR, can be estimated from Figure 12 using the equation as follow [43] :
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where βA and βC are the Tafel constants, RP is the polarization resistance of the material, K is unit conversion factor, EW is the equivalent weight of tested material, d is density of tested material, and A is the testing area. Table 1 listed all the estimated parameters in Equation (11) from Figure 12 for the thermal sprayed composite coating of Sample #4. The measured corrosion rate of the metallic coating produced by the electrochemical method is 0.5054 mil/year. Figure 13 shows the test results of Bragg wavelength changes with test time obtained from the embedded FBG sensors for all the five samples (Samples #1-#4 and #7) after compensating temperature as the corrosion on the surface of the samples progressing in days. It can be seen from Figure 13 that the sensor reading for different materials varies significantly. The sensor reading from Sample #7 for bare steel showed significant difference when compared to that from Samples #1-#4 for thermal sprayed composite metallic coatings. In addition, it can be seen that the readings from Sample #2 and Sample #7 follow similar trends that the Bragg wavelength increased rapidly in first three days and kept mostly steady thereafter. While Samples #1, #3, and #4 showed a stable Bragg wavelength changes in the first 3 days, and exhibit different patterns after the 3rd day. The Bragg wavelength change of Sample #1 started to increase after the 3rd day. The Bragg wavelength of Sample #3 continued to stay similar range as the previous three days, however, that of Sample #4 dropped dramatically at the end of the 4th day. To explain these observations, we recorded the visual inspection of all the samples for the six days at 12:00 p.m. each day. Figures 14-18 show the visual inspection of each sample during the test period at Day 1, Day 2, Day 3 or Day 4, and Day 6, respectively. It is worth noting that the corrosion initialized at different days for each sample. The pitted corrosion on top of the embedded sensor of Sample #1 started on the Day 3 of testing as in Figure 14 , which is very consistent with the recorded FBG sensor readings as shown in Figure 13 for Sample #1. The pitted corrosion on top of the embedded sensor of Sample #2 started on Day 1 right after the samples in solution as shown in Figure  14 . This observation also corresponds well with the continuous changes of Bragg wavelength of the FBG sensor during the process as shown in Figure 13 of Sample #2. For Sample #3, although some pitted corrosion occurs, no corrosion is initialized on top of the sensor throughout the testing as seen in Figure 16 . In Figure 13 for Sample #3, the Bragg wavelength of the embedded FBG sensor stays almost the same all the way to the end of the test, which matches well with the observations from visual inspection. For Sample #4, the sample already showed a serious corrosion obtained from the To explain these observations, we recorded the visual inspection of all the samples for the six days at 12:00 p.m. each day. Figures 14-18 show the visual inspection of each sample during the test period at Day 1, Day 2, Day 3 or Day 4, and Day 6, respectively. It is worth noting that the corrosion initialized at different days for each sample. The pitted corrosion on top of the embedded sensor of Sample #1 started on the Day 3 of testing as in Figure 14 , which is very consistent with the recorded FBG sensor readings as shown in Figure 13 for Sample #1. The pitted corrosion on top of the embedded sensor of Sample #2 started on Day 1 right after the samples in solution as shown in Figure 14 . This observation also corresponds well with the continuous changes of Bragg wavelength of the FBG sensor during the process as shown in Figure 13 of Sample #2. For Sample #3, although some pitted corrosion occurs, no corrosion is initialized on top of the sensor throughout the testing as seen in Figure 16 . In Figure 13 for Sample #3, the Bragg wavelength of the embedded FBG sensor stays almost the same all the way to the end of the test, which matches well with the observations from visual inspection. For Sample #4, the sample already showed a serious corrosion obtained from the electrochemical measurement approach before the accelerated corrosion tests. Around Day 4 of testing, noticeable coating breakage can be observed through visual inspection as seen in Figure 17c , which also can be clearly identified in Figure 13 of Sample 4. For Sample #7, the corrosion starts on Day 2 as observed from Figure 18 , which also matches well with Figure 13 qualitatively. To qualitatively measure the corrosion rate from the FBG readings, more discussions and future data correlation between sensor readings and corrosion performance are presented in next section. electrochemical measurement approach before the accelerated corrosion tests. Around Day 4 of testing, noticeable coating breakage can be observed through visual inspection as seen in Figure 17c , which also can be clearly identified in Figure 13 of Sample 4. For Sample #7, the corrosion starts on Day 2 as observed from Figure 18 , which also matches well with Figure 13 qualitatively. To qualitatively measure the corrosion rate from the FBG readings, more discussions and future data correlation between sensor readings and corrosion performance are presented in next section. 
Experimental Results from Accelerated Corrosion Tests Using Embedded FBG Sensors
Sample #2 and Sample #7 follow similar trends that the Bragg wavelength increased rapidly in first three days and kept mostly steady thereafter. While Samples #1, #3, and #4 showed a stable Bragg wavelength changes in the first 3 days, and exhibit different patterns after the 3rd day. The Bragg wavelength change of Sample #1 started to increase after the 3rd day. The Bragg wavelength of Sample #3 continued to stay similar range as the previous three days, however, that of Sample #4 dropped dramatically at the end of the 4th day.(a) (b) (c) (d)
Discussion and Data Analysis
To further analyze the data from the embedded FBG sensors for quantitative corrosion and crack measurements, we take a close look for Samples #1, #2, and #7 as in Figure 19 , since these three samples showed similar data pattern of a three-phase phenomenon as seen in Figure 13 . The observations of various phases of corrosion process for metals are consistent with that from previous researches performed by Melchers et al. in 2005 [4] . Melchers et al. proposed that in the early stage of metal corrosion process, the corrosion performance in sea water (close to 3.5% NaCl solution as in our lab tests) can be described as a multi-phase corrosion time model based on extensive field experiments 25. The three main early phases include: (1) Phase 0, the phase of short-term influences; (2) Phase 1, the phase of high corrosion rate; (3) Phase 2, the phase of stabilized corrosion progress. From Figure 19 , it can be clearly seen that the embedded FBG sensor successfully discovered the phases of the corrosion process of the thermal sprayed coatings. 
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To further analyze the data from the embedded FBG sensors for quantitative corrosion and crack measurements, we take a close look for Samples #1, #2, and #7 as in Figure 19 , since these three samples showed similar data pattern of a three-phase phenomenon as seen in Figure 13 . The observations of various phases of corrosion process for metals are consistent with that from previous researches performed by Melchers et al. in 2005 [4] . Melchers et al. proposed that in the early stage of metal corrosion process, the corrosion performance in sea water (close to 3.5% NaCl solution as in our lab tests) can be described as a multi-phase corrosion time model based on extensive field experiments 25. The three main early phases include: (1) Phase 0, the phase of short-term influences; (2) Phase 1, the phase of high corrosion rate; (3) Phase 2, the phase of stabilized corrosion progress. From Figure 19 , it can be clearly seen that the embedded FBG sensor successfully discovered the phases of the corrosion process of the thermal sprayed coatings. Detail observations of each phase identified by the embedded FBG sensors on the three samples (#1, #2, and #7) are further discussed as follows:

In Phase 0 (short-term influences phase), the corrosion is initialized and corrosion products start to fill the pores between adhesive and the FBG sensors. As a result, compression strains are observed on FBG sensors, introducing a drop of Bragg wavelengths of all FBG sensors on all three samples shown in Figure 19 . Detail observations of each phase identified by the embedded FBG sensors on the three samples (#1, #2, and #7) are further discussed as follows:
•
In Phase 0 (short-term influences phase), the corrosion is initialized and corrosion products start to fill the pores between adhesive and the FBG sensors. As a result, compression strains are observed on FBG sensors, introducing a drop of Bragg wavelengths of all FBG sensors on all three samples shown in Figure 19 .
In Phase 1 (high corrosion rate phase), oxygen surrounded at corrosion area is consumed and more oxygen is rapidly absorbed in water, which results in high corrosion rate of the material. Due to principles discussed in Section 2, corrosion products tend to lift the embedded FBG sensors as a simply supported beam, causing an increase in Bragg wavelengths following Equations (3)- (5) in Section 2. Thus, the slope of Bragg wavelength change in Phase 1 reflects the production rate of corrosion products, which is the expected corrosion rate in Equation (6) . Sample #7 with bare steel has a big corrosion rate slope of 35.19 pm/day during Phase 1. Samples #1 and #2 with thermal sprayed composite coatings have a smaller corrosion rate slope of 8.3 and 13.4 pm/day in Phase 1, respectively. This result indicates that the thermal sprayed composite coating used in this study has a higher corrosion resistance when compared with bare steel. To estimate the corrosion related parameters in Equation (6), we take a look at the corrosion rate of Sample #7, the bare steel without coating. The measured corrosion rate of the bare steel using electrochemical method yield to 1. The corrosion rates obtained from the embedded FBG sensors of 0.354 mil/year for Sample #1 and 0.571 mil/year for Sample #2 matches well with the measured corrosion rate of Sample #4 from electrochemical method as in Table 1 of 0.5054 mil/year. Sample #1 showed a smaller corrosion rate than Samples #2 and #4 and a slower start of corrosion process at Day 3 of testing as seen in Figures 14  and 19 , indicating a better coating quality.
In Phase 2 (stabilized corrosion progress phase), oxygen starts to diffuse through the corrosion products to further corrode the steel. However, at this phase, oxygen diffuses slower than Phase 1 so the corrosion rate is lower and the amount of corrosion product is in stable. In Figure 19 , it is clearly indicated that the corrosion stabilized in this phase with slow Bragg wavelength changes measured from the embedded FBG sensors.
As the corrosion continues and the corrosion product continues to develop, the thermal sprayed coating may crack and release constrains on the embedded sensors, which is required for monitoring its corrosion strain development as discussed in Section 2. In this circumstance, a sudden Bragg wavelength change will be noticed in the embedded FBG sensor reading to show the strain release from the coating to detect corrosion induced cracks in thermal sprayed coatings. In Figure 17 , we observed coating crack visually for Sample #4 on Day 3 because the electrochemical method applied on Sample #4 induced serious initial corrosion before the accelerated corrosion tests. A close look at the sensor reading of Sample #4 as in Figure 20 , it can be clearly seen that Sample #3 had already passed Phase 0 and Phase 1 and was in Phase 2 when the accelerated corrosion test started. The corrosion induced crack initialization and crack propagation can be clearly identified through dramatic drops of Bragg wavelength of the embedded FBG sensors in seen in Figure 20 .
If no corrosion is occurred right on top of the embedded sensor as for Sample #3 shown in Figure 16 , the Bragg wavelength of the embedded FBG sensor will stay stable throughout the measurement duration as shown in Figure 21 . This phenomenon indicated a limitation of the developed sensor system that it can only measure pit or uniform corrosion of the coatings occurs right at the sensor location, which is a point sensing instead of distributed sensing technique. Future study will be needed to design a reliable sensor network which can cover a reasonable area for corrosion estimation in addition to close range locations. 
Conclusions
In this paper, a corrosion and crack monitoring system was developed for thermal sprayed metallic coatings using embedded FBG sensors. From the results, following conclusions could be drawn: To sum up, the laboratory accelerated corrosion tests showed that the developed monitoring system based on embedded FBG sensor showed positive responses on measuring corrosion status, corrosion rate of materials, and crack propagation, which can be further applied for structural assessment and evaluations of metallic coated structural components for a better resource relocation of structural repair and management. Future efforts would be put forward in correlating long-term effect of corrosion to the readings from the embedded FBG sensor and further development of a 
In this paper, a corrosion and crack monitoring system was developed for thermal sprayed metallic coatings using embedded FBG sensors. From the results, following conclusions could be drawn:
• A simply supported beam theory can be used to analyze the operational principle of the response of an embedded FBG sensor to corrosion developed in or under coatings.
•
The embedded FBG sensors can successfully measure the corrosion progressing of the thermal sprayed coatings and the bare steel through monitoring the Bragg wavelength changes of the FBG sensors.
• Accelerated corrosion tests showed a three-phase phenomenon of the corrosion process of the thermal sprayed composite coatings used in this study and the corrosion rate can be calculated through the slope of Phase 1. The obtained corrosion rate of 0.354 and 0.571 mil/year for thermal sprayed coating matches well with that from the electrochemical method of 0.5054 mil/year.
The embedded FBG sensors can identify the corrosion induced cracks in coating successfully as shown from the laboratory tests.
To sum up, the laboratory accelerated corrosion tests showed that the developed monitoring system based on embedded FBG sensor showed positive responses on measuring corrosion status, corrosion rate of materials, and crack propagation, which can be further applied for structural assessment and evaluations of metallic coated structural components for a better resource relocation of structural repair and management. Future efforts would be put forward in correlating long-term effect of corrosion to the readings from the embedded FBG sensor and further development of a reliable sensor network which can cover a reasonable area for corrosion estimation in addition to local locations.
